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ABSTRACT
A coaxial plasma accelerator system was constructed by LT R. K.
Brumwell, USN at the United States Naval Postgraduate School for the purpose
of producing a high velocity plasma slug. Experiments were performed in an
evacuated chamber. Operating procedures were established for the apparatus
and calibration tests were performed which demonstrated reproducibility of
accelerator discharges made under given conditions.
Use of a radioisotope tracer technique to measure the deposition of a
metallic plasma on a cold wall was thenHnvestigated, A series of tests was
conducted which demonstrates the feasibility of this tracer method for deter-
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1. Introduction.
The subject of , magnetohydrodynamics (MHD) has its origin in specu-
lations of certain scientists concerning the magnetism of celestial" bodies.
Bigelow in 1899 inferred that the sun is a huge magnet from observation of
coronal plumes. (_7j It was not until the last ten years however, that the study
of MHD came to be of major importance. Not only is it of interest in space
propulsion, but the subjects of atmospheric reentry, high speed aerodynamics,
astrophysics and controlled thermonuclear power call upon MHD for insight
into complex high temperature phenomena.
The basic working materials of MHD are plasmas. A plasma is an elec-
trically conducting mixture of ions, electrons and neutral atoms with a mac-
iroscopically neutral charge. Microscopic variations may create local charge
concentrations but there are enough electrons present to neutralize each pos-
itive charge.
The study of plasmas and ionized gases is complicated by the difficulty
of measurement at the high temperatures, current and magnetic field densities,,
and velocities normally encountered. Since attempts to describe plasma^ dy-
namics analytically have been only partially successful there is a need for
extended experimental research of phenomena involved.
Plasma Accelerators
Plasma acceleration devices are suitable for an ever increasing number
of important and interesting applications such as low thrust, high specific
impulse motors, fusion injection devices for nuclear reactors, coating guns,
plasmoid generators and electromagnetic shock tubeSo(_5, 17j These devices
all entail the conversion of electrical energy to directed kinetic energy of
a mass of plasma.
Schematics of three common magnetic plasma accelerator configurations
are shown in Fig. 1. All use magnetic fields to augment the driving force on
the working fluid due to rapid expansion in an arc discharge. The earliest
of these is the Kolb tube. In this device the interaction of the discharge
current with the field produces a force on the working fluid which is directed
down the tube.
Ref. 22 gives an example of the use of the second configuration; the ho,
conical magnetic shock tube. Here the current flows from the center elect-
rode to the ring electrode and then through the return conductor. The high
current produces the magnetic field which pinches the ionized gas in the cone
in such a manner as to drive it toward the ring electrode,,
The third device pictured is the coaxial configuration, sometimes
referred to as a magnetic annular shock tube, which was used in this work.
The coaxial geometry is capable of providing a more continuous force on the
gas. Additional driving force can be obtained through the use of external
field coilSo
Although plasma acceleration devices have been investigated by many
groups in forms too numerous to mention in detail, exhaust measurements
have been mostly limited to the determination of gross parameters such as
thrust, total energy content, and momentum. [8, 12, 9] More detailed infor-
mation on the exhaust properties is required for a better understanding of the
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acceleration and flow mechanisms.
Ballistic pendulums and calorimeters have been used for exhaust energy
measurements in evaluation of coaxial plasma guns as space thrustors. Good-
ing has shown [lo] in work for NASA using such devices, that the thermal
efficiency based on these exhaust measurements can be as low as 15 or 20%
for an accelerator which receives 65% of initial stored capacitor energy. This
low exhaust efficiency is thought to arise from radiation losses and direct
loss of plasma to the electrodes.
Experiments with a coaxial plasma gun were performed by Reichenbach
[l9j at the Air Force Special Weapons Center. The purpose of this work was
measurement of the mass distribution of a metallic plasma condensate on
cold walls. Accurate quantitative results were not obtained because of dif-
ficulties with the capacitor system and the limited time spent on the project.
The work described in this thesis is an attempt to investigate this phenomena
of mass loss from a plasma flow using an improved capacitor and discharge
system and taking advantage of the proximity of a nuclear reactor. It is felt
that information of this nature will be of value in the study of thru stor ;j appli-
cations Orl of plasma flows in general.
Experiment Description
The purpose of this thesis project was to set up a facility for investi-
gation of plasma flows and then to continue the work of Reichenbach* experi-
mental measurement of the radial transfer of mass to a cold wall from a high
velocity slug of metallic plasma using radioisotope tracing.
11
In this experiment thin gold foils are vaporized and accelerated through
coaxial electrodes into an evacuated cylindrical tube using a capacitor dis-
charge system. After leaving the accelerator a portion of the gold vapor
condenses on the inside wall of a cylindrical collector sheet which lines
the tube. Mass distribution of the gold deposited on this collector is then
determined using radioisotope tracing. Sample disks cut from various loca-
tions on the collector sheet are irradiated in a nuclear reactor and the amoujnt
of gold present determined from the rate of radioactive decay.
Completion of this project included! elude:
a. Assembly of the accelerator system, including associated charging and
triggering devices.
b. Design and assembly of the vacuum system, controls and vacuum mea?,
suring equipment.
c. Instrumenting the systems to insure that uniform, reproducible condi-
tions exist for successive firings. This included high speed photo-
graphs of the plasma front to determine velocity, accurate measurement
of capacitor power level, and observation of the discharge current ver-
sus time characteristics of the gun.
d. Establishing of procedures for operation of the completed system.
e. Development of a technique for using radioactive tracers to determine
mass deposition on cold walls.
f. Performance of sufficient tests to reach a conclusion as to the feasi-
bility and accuracy of this method of determining mass deposition.
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This paper reports on work performed by the author during the period
of August 1965 through April 1966 at the United States Naval Postgraduate
School, Monterey, California. The author is indebted to Professor R. E.
Reichenbach of the Aeronautics Department for his encouragement and assis-
tance throughout the project and to Professor E. A. Milne of the Physics
Department who made the Reactor Facility available and furnished technical
assistance with the tracer analysis.
2. Plasma Accelerator Theory.
A plasma, being composed of charged particles and subjected to mag-
netic fields, must obey the laws of electromagnetics and, since it is also
a gas, must also observe the laws of gas dynamics., To describe plasma
dynamics, Maxwell's equations of electromagnetics are needed in addition
to the normal continuity and state equations, while the energy and momentum
equations are modified by the addition of ohmic heating and Lorentz forceiterms,
respectively. The concept of magnetic pressure due to the Lorentz force is
extremely important in discussions of MHD propulsion systems. If a con-
ducting fluid, liquid metal, or ionized gas has a high electrical conductivity
it is possible to creat magnetic fields strong enough to pump, confine, or
accelerate it.
Fig. 1 is a schematic of a coaxial plasma accelerator. Discharge of
the capacitor heats and ionizes the working material between the electrodes
to form a plasma. The conducting plasma then completes the circuit between
the electrodes. Current density in the plasma is denoted by J. When current
13
flows in the center conductor a magnetic field B is induced in the vicinity
of the conductor. The interaction of current and magnetic flux on an element
in the field produces the Lorentz force vector F = J X B per unit volume of
plasma. The resulting force is seen to be directed toward the muzzle re-
gardless of the polarity of the electrodes since a reversal of current flow
direction also reverses the magnetic field. This magnetic pressure on the
plasma blob pushes the gas much the same as a piston.
Two of the simplified models used in attempts to describe the motion
analytically are the snowplow model and the slug model. The snowplow
theory assumes that the plasma acts as a plane magnetic piston which moves
through the accelerator sweeping up mass and accumulating it on the piston
surface, The slug model treats the plasma as though it were a non-deform-
able body of constant mass. [l8j Using these and other simplifying assump-
tions such as no resistance, constant current flow and unidirectional currents
flowing in the plasma, approximate solutions have been obtained for plasma
/
energy and velocity in terms of stored energy and circuit constants, [lo]
The energy partition between internal and kinetic energy, however, actually
depends on the detailed behavior of the plasma and cannot be readily predic-
ted.
It is not known, for instance, whether the electrons are the main cur-
rent carriers or whether the ions play a significant role. It is hypothesized
by some that the current flows through the electron sheet which in turn drags
the heavier ions along some distance behind by electrostatic attraction. It
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also seems reasonable that a significant number of the ions would be driven
to the negative electrode be electrostatic at.t.ranfrhion/^resulting in .decreased
efficiency.
The magnetic pressure in the vicinity of a conductor varies as 1/r^
which would lead one to expect a bullet shaped plasma front. It has been .. .,._,.
found by Keck [l6] that the current sheet is planar when the center conductor
is the cathode and bullet shaped when the center conductor is the anode.
This appears to be true with a large ratio of outer to inner conductor radius.
This effect is attributed by Bostick [2] to Hall currents and plasma vortices.
Hall currents are secondary current loops within the plasma caused by the
potential difference between the front and rear of the sheet.
With the center conductor negative and with the Hall currents compar-
able in magnitude to currents in the otherwise-bullet-shaped sheet, the
vector sum of currents tends to be planar. These Hall currents produce a
centripetal force which deflects the plasmoid into a spiral trajectory leaving
the electrodes. These radial velocity components are a cause for further
losses in propulsive efficiency.
Further analytical and experimental work on the processes within the
current sheet itself is necessary before this current sheet can be fully under-
stood. A significant amount of work is presently being conducted by invest-
igators to develop diagnostic techniques such as ion probes [l] and electro-
static particle analysers [6] to study actual particle movement within the
plasma.
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3. Accelerator System Experimental Apparatus.
The major portion of the work for this project was assembly and per-
formance evaluation of the system shown schematically in Fig. 2. A detailed
description of this apparatus will be presented here both as an aid in des-
cribing the experiment and as a reference for future users of the system.
Plasma Accelerator
The plasma gun was a coaxial configuration as shown in Fig. 3 with
a one-inch diameter center electrode and a 1. 5-inch I. D. copper barrel. The
barrel was 7. 5 inches in length and had four holes spaced axially for obser-
vation of the plasma before it emerged from the gun. The foil sheet, which
was vaporized by the capacitor discharge and formed the plasma, was loca-
ted 2.25 inches from the breech. Both electrodes were designed to come
apart at the foil plane and to be reassembled without tearing the thin foil.
This was accomplished in the center conductor utilizing a three piece conp-
struction with a short section above the foil acting as a nonrotating washer,
and in the barrel with a flange and collar arrangement. The disassembled
gun is shown in Fig. 4 with a foil nearby and in Fig. 5 ready t© fire.
Gold was used as a working material because of its high conductivity,
availability in thin uniform sheet, purity in commercial form, convenient
radioactive half life (2.7 days), and large activation cross section. Dental
gold-, foils . 00005 inches in thickness were used. This gave 15. 55 milligrams
of vaporized gold.
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A 2 4-inch I. D. glass cylinder was used to support a thin aluminum
collector sheet upon which a portion of the plasma was deposited. Aluminum
was used as a collector sheet because its small activation cross section
and short radioactive half life gave minimum interference when tracing de-
posited gold. It was found that conventional heavy duty (1 mil) household
aluminum foil was sufficiently free of long half life impurities to be used
for this purpose.
A gap was left between the ends of the collector sheet as shown in
Fig. 5 to permit observation of the plasma flow when the cylinder was placed
over the gun. Markings on the cylinder at one-inch intervals were used to
determine plasma velocity photographically. These markers were aluminum
foil strips cemented to the glass with Glyptol vacuum sealant. A mark on
the cylinder was used to position the lower edge of the collector sheet one
inch below the gun muzzle. Two ^.-inch wide strips of thin spring steel
(not shown in Fig. 5) were placed inside the sheet to insure conformity with
the cylinder inner wall. These clips were located at the upper and lower
edges of the collector.
Capacitor System
a. Basic discharge circuit. The capacitor was an Axel 6» 4 microfarad,
low inductance unit with a 2000 joule capacity at 25, 000 volts. Switching
was accomplished with four GL 7703 ignitrons in parallel. These ignitrons,
which were rated at 20 kv and 100, 000 amps peak current, replaced the spark
gap switch used in the original experiments by Reichenbach. They afe gas
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tubes which use an igniter submerged in a mercury pool to triger an arc
discharge. Breakdown (switching time) is extremely rapid. The ringing
period for the discharge circuit was six microseconds.
The ignitrons and capacitor were located directly beneath the acceler-
ator as shown in Fig. 6 to keep circuit inductance low. The capacitor outer
case was connected through brass bars to a heavy aluminum plate which
supported the gun barrel. This entire unit was grounded as shown in Fig. 2,
while the ignitron bases floated electrically at the potential of the capacitor.
A phenolic bar with a grounded, hook was attached to the ignitron base plate
as a safety measure when working near the capacitor.
b. Ignitron firing circuits. The ignitrons required an extremely fast high
voltage (l500-3000v) pulse to initiate breakdown. The pulser circuit shown
in Fig. 7 utilized a 6268 thyratron which provided a 3000 volt pulse with a
rise time of about . 5 microseconds. The pulser circuit was isolated from the
capacitor high voltage by pulse transformers. The four pulse transformers
were air core units with 1:2 windings. All four primary windings were con-
nected in parallel to the pulser unit, while the secondaries floated at cap-
acitor potential.
The pulser thyratron was fired in turn by the external trigger circuit
shown in Fig. 8 which provided a 180 volt trigger signal to the pulser. The
trigger control panel is shown in Fig. 9. The pulser and pulser power supply
are shown in Fig. 10.
c. High voltage units. The capacitor was charged with a 40 kv power
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supply originally designed for spark photography work. This was modified
to incorporate all high voltage controls for the system as shown in Figs. 11
and 12. A normally closed Jennings high voltage relay was connected in
parallel with the power supply main switch. Opening of this switch shut
down the power supply and also grounded the capacitor through a one megohm
high voltage resistor. This resistor served as a power dissipator in the event
the capacitor could not be discharged and the shot had to be aborted. It
also bled residual capacitor energy to ground after a firing*,
Charging was through a solenoid operated knife switch and a three
megohm high voltage resistor. The charging (top) and abort (bottom) resistors
and Jennings relay are shown in Fig. 13. A microammeter in series with a
600 megohm resistor was connected across the capacitor, giving a direct
reading of capacitor potential.
Vacuum System
The plasma gun discharged into a fourteen-inch diameter bell jar.
Since foil replacement between discharges required disassembly of the gun,
two separate vacuum systems were used for rapid evacuation of the jar. Con-
nections to the vacuum equipment were made through a heavy aluminum man-
ifold which supported the jar as shown in detail in Fig. 4. Flange fittings
with o-ring seals were used throughout the system. A large volume pump
was used initially to "rough" the system down to a pressure of about five
microns of mercury. This pump was then shut down and the high vacuum sys-
tern was opened.
19
The roughing system (Fig. 13) consisted of a Welch 1397B pump and
a two-inch Stokes gate valve. The high vacuum system (Fig. 14) used a
Welch 1402B fore pump and a four-inch Veeco combination diffusion pump,
baffle and liquid nitrogen cold trap. The diffusion pump and baffle were
water cooled, with a flow switch (Fig. 9) incorporated in the water line.
LN2 level was maintained with a Johns and Frame automatic level control
from a 50 liter -nitrogen pressurized Dewar flask, as shown in Fig. 15.
The vacuum control circuit shown in Fig. 16 was designed to protect
the diffusion pump and to place all vacuum power controls in one convenient
location. This circuit prevented power from reaching the diffusion pump
heating element if either the coolant water flow or the fore pump power was
interrupted. The diffusion pump required a manual reset in either event,
thereby preventing burnout or operation at excessive pressure (above 525
microns). Vacuum system controls are shown in Fig Q 10.
— fiA vacuum level of 5 x 10 millimeters of mercury or better was attain-
able. Even lower vacuums could be attained if required for future tests by
replacing the lucite insulator shown in Fig. 3 with a material less subject
to outgassing.
Instrumentation
a. Image converter camera. The high speed plasma front was photograph-
ed with the Abtronics Model 1 camera shown in Fig. 17. This camera uses
an image converter tube as an electronically operated shutter capable of
exposure times of . 1, .3, 1, 3 and 6 microseconds. The four shutter tubes
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have separate circuits which allow them to be triggered independently at
any desired delay. Each channel has calibrated time delays up to 1000
microseconds.
The use of four separate objective lenses allows for individual adjust-
ment of "f " stop or aperture so that each frame may be adjusted for the proper
exposure density. Four Leitz f/1.5-50 mm objective lenses were used for this
work.
A single loop of wire around one of the ignitron pulse transformers
provided a 120 volt triggering pulse to the camera. When the four shutters
were triggered at different delay times the movement of the plasma was re-
corded as four different images by tae conventional Polariod camera which
views the rear screen of all four shutter tubes. The average plasma velocity
between images could then be determined from time-of-flight. Fig. 18 in-
cludes a photograph for a typical shot. Fig. 19 shows the camera location.
Additional information on camera operation is presented in Appendix III.
b. Pressure measurement. A Veeco RG- 3 IX combination thermocouple
and ionization gage unit was used for pressure measuring, A gage of each
type was connected to the bell jar manifold as shown in Fig. 4. The valve
shown was closed to prevent overpressure on the ionization gage tube during
firing. The high vacuum system was also equipped with separate vacuum
gages. Pressure measuring controls are shown in Fig. 10.
c. Discharge monitoring. A radial loop of wire fastened to the undersur-
face of the capacitor upper plate was used to pick up an induced discharge
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current pulse and give a dl/dt trace on an oscilloscope. A 10:1 probe in
series with 20 megohms was used to attenuate the dl/dt signal to the oscil-
loscope.
The image converter camera was equipped with a monitor output which
produced a signal for each of the voltage pulses which trigger the shutter
tubes. This monitor output was also connected to the oscilloscope. A
Techtronics type 551 dual-beam oscilloscope with camera attachment provided
a photographic record of both dl/dt and the Abtronics monitor on a single
Polaroid print (Fig. 18). The oscilloscope was set for a single sweep using
the first pulse from the image converter camera monitor as a trigger.
4. Plasma Gun Experimental Firing Procedure.
A large number of tests were performed to develop discharge monitoring
techniques, and then to prove that the firing of successive shots under uni-
form conditions would produce uniform diagnostic results. Some of this work
is deSuCribe.di^Ap<pieixtiicelauII>anduIII. >..Si&e rliritig^iv^itypac^^icaidaaidwliilAb©
described her©..
In preparation for a firing, the bell jar, collector cylinder, and acceler-
ator electrodes were removed and cleaned thoroughly with a solvent (acetone).
Fine abrasive paper was used to polish portions of the electrodes which con-
tacted the foil. The gun was then reassembled with a foil in place. A clean
collector sheet was placed in the glass cylinder and the cylinder was slip-
ped over the gun barrel.
The bell jar was then lowered and the valve was opened to the roughing
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vacuum system. At a pressure of 5-10 microns a transfer was made to the
high vacuum system. When the desired pressure was reached, the instru-
mentation was checked for proper operation, the capacitor was charged, and
the discharge was triggered. Checklists which were used to insure that the
detailed operations were performed in the proper sequence are given in
Appendix I.
After a shot the collector sheet was removed and sprayed with lacquer
to insure against accidental removal of the deposited material during hand-
ling. The collector sheet was then marked and circular sample disks .730
inches in diameter w/ere removed using a sharp edged punch as shown in Fig.
20. Samples were normally taken at one inch intervals along the collector.
The sample disks were then stored as shown in boxes until such time as the
tracer analysis could be performed. The shot number was marked on the
sample box and all data for that firing wore recorded in the experiment log. [3]
A number was assigned to each sample disk. For example, 17C-8 corresponds <
to accelerator shot 17. The letter denotes peripheral location on the col-
lector sheet, i.e. , left (L), right (R), or center (C) of the flattened sheet,
and the last digits give the distance in inches to the sample center from the
bottom of the collector sheet.
5. Tracer Analysis Theory.
In this experiment the mass of gold present on samples in trace amounts
is determined by activation of the gold by neutron capture and observation
of the radioactivity induced.
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Since a neutron has no net charge, it cannot be detected like a charg-
ed particle. Instead, the neutron must somehow create an energetic charged
particle which can be detected. One way this can occur is through induced
radioactivity as in the reaction
197 198* 198 y
n + Au —*• Au —* Au +
where the interaction of a neutron (n) with a gold atom produces a radioactive
(*) residual nucleus which decays emitting gamma ( 20 radiation.
Gamma -rays may be detected in many ways but a scintillation counter
is the most versatile and is the most used counter in modem nuclear research.
[llj Scintillation detection is a two-stage process. In such counters a mat-
erial such as a sodium iodide crystal is used which converts the energy of
the particle to be measured into photons at or near the wave length of vis-
ible light. A photomultiplier tube then converts the light flashes into electric
pulses. [20] This tube is a device in which photons strike a cathode and
emit secondary electrons which in turn strike a second electrode emitting
still more secondaries, etc. The resulting multiplying effect for 9 or 10
r c
stages is 10 or 10 and the short resolving times possible permit high count-
ing rates.
The output of a scintillation counter is proportional to the initial number
i
of photons so that the device has energy selective properties. When used
in conjunction with pulse height analysing equipment which sorts the output
pulses according to their energy, a distribution such as that in Fig. 21 (for
Id 198) is obtained. The large peak, called the " photopeak" ,.. is produced
f
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by the photoelectric process within the scintillation counter. The other peaks
are produced by other scattering and shielding effects. Ref. 13 gives the
characteristic gamma-ray spectrums for most materials and describes these
effects more fully.
Since each material has its own characteristic spectrum, a pulse height
analysis can be used for identification of unknowns. For quantitative infor-
mation the amount of a material present is proportional to the total number
of counts so that the area under the photopeak can be used in determining
the mass. This depends, of course, on the initial level of radioactivity and
the age of the sample. If a count is available for a known mass of a mater-
ial, and providing the radiation dose and time since irradiation are the same
for both the known and unknown masses, the unknown mass can be deter-
mined from
(1) . activity of unknown .
, xunknown mass = ——
—
jt z r—r~ (control mass)
activity of control
This assumes that the period of observation of both is long enough to give
a reliable count, realizing the random statistical nature of radioactive dis-
integrations.
A pulse height analysis is used to identify materials and to determine
such things as the energy band of interest, the type of detection equipment
required, background effects, and the activity necessary for accurate count-
ing. Once this information is obtained the relative activity (and therefore
the mass) of a material can be obtained by simply totaling the counts pro-
duced within the energy band of interest by a scintillation counter.
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6. Tracer Analysis Equipment.
Sample irradiation was performed in an Aerojet-General Nucleonics
Model 201 reactor located in Building 224 at the U. S. Naval Postgraduate
School. This reactor used ^aranium 235 enriched UQ fuel and polyethylene
moderator and was licensed for operation up to 1000 watts. Sample disks
were placed between polyethylene plugs in a long tubular phenolic rod which
was inserted into the reactor a distance of 94. 63 inches. The thermal neu-
tron flux at this location in the reactor was known to be 4. 5 x 10 neutrons/
cm^-watt-sec.
A schematic of the detection and analysing apparatus is given in Fig.
22. A small lucite sample holder which fit into the top of the scintillation
counter was used to insure that the same geometry was presented to the
detector for all sample disks. The detector was shielded in a 26 x 26 x 33
inch enclosure of lead bricks.
The Nuclear Data ND 180 units convert pulses from the scintillation
counter into digital form and store this information in a 512 channel memory.
Each channel corresponds to either the total number of counts received in a
preselected time interval or to the total number of counts received in a narrow
energy band. In the latter (pulse height analyser) mode the equipment is
preset for a total time of observation of from one to 30 minutes "live time"
and automatically compensates for counting losses ("dead time") due to
closely spaced pulses.
Controls on the ND 180M unit permit varying the width of the energy
"window", or band, corresponding to each channel, and adjustment of the
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threshold above which pulses are accepted. Appropriate settings for the
gold analysis were determined using spectrums of known elements and these




Zero Level 9. 34/COARSE
Threshold
Coincidence FREE
At the end of an observation the decay curve or energy spectrum (de-
pending on the mode used) stored in the memory can be either displayed on
the oscilloscope or printed out in digital form on the teletype machine.
7. Tracer Analysis Procedure.
Two methods of performing the experiment were considered. In the
first the gold foil would be irradiated, placed in the accelerator and fired.
After firing, sample disks would be cut from the collector sheet and the amount
of gold present determined using appropriate radiation detection devices.
This system, though satisfactory, introduces several difficulties which will
be discussed.
The experiment was actually performed by first firing the shot, then
irradiating the sample disks and monitoring their characteristic gold radiation.
This method had several advantages;
a. Radioactive materials did not leave the Reactor Facility.
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b. The plasma gun, vacuum system and surrounding area were not con-
taminated, thierefore moriitoring and, frequent disassembly for
cleaning were avoidedo
c. The total amount of radioactive material handled was quite small, since
only about one third of the gold was vaporized, only a very small por-
tion was deposited, and only a portion of that gold deposited was
sampled.
d. The tracer analysis could be performed at any time after the firing,
eliminating the rush to get all samples counted before they decayed
appreciably. The samples could also be sent away for analysis by
another radiation laboratory at a later date.
The principal disadvantage of the procedure used was that the collector
material becomes activated along with the gold and produces a background
count which could interfere with the gold count. The use of pure aluminum
for the collector sheet eliminated this problem. The small activation cross
section and short half-life of aluminum produced effects which were negli-
gible if the samples were allowed to decay for two or more hours before
counting. A study of plasma deposition on walls of other materials could
require the use of the first experimental procedure considered.
Approval for use of the Postgraduate School Reactor Facility was obtain-
ed after submission of written requests [4] describing the experiment and
completion of Atomic Energy Commission Form 313. All handling of radio-
isotopes was in accordance with the safety rules given in Ref. 14.
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A rough estimate of the amount of deposited gold to expect on a typ-
ical sample disk was made utilizing Ref. 19. From this estimate it was
determined that a radiation dose of 100 watts reactor power for 10 minutes
would produce activity sufficient for gold detection. Trial runs demonstrated
this to be true and this standard dose was used for all subsequent tracer
work.
A control sample disk with a known weight of gold was prepared as
described in Appendix IV and irradiated. After removal from the reactor and
allowance of a few hours for aluminum decay, the control was placed in the
scintillation counter and the Nuclear Data units were used in the pulse height
analyser (PHA) mode to obtain an energy spectrum as in Fig. 21. This count-
ing was repeated several times during the next two or three days as the gold
decayed. The counting time was increased as the gold decayed to insure
sufficient counts for a smooth curve.
Since the amount of gold present at any time is proportional to the
area under the 411 kev photopeak, only this peak (20 channels either side
of the channel with maximum count) was plotted from the PHA output data as
shown in the example of Fig. 23. Area under the peak was then measured
with a planimeter. Since counts were made for different counting times, and
curves were plotted to different scales, the activity was computed using
A = SVH/60t
where
A is sample activity in counts/second
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S is area under the photopeak in square inches
V is the vertical scale in counts/inch
H is the horizontal scale in channels/inch
t is the length of the counting period in minutes
A curve giving activity as a function of time-since-irradiation was
then plotted (Fig. 24) for the control sample. This curve was then used to
obtain a control activity at any time .for use in equation (1). As a check on
the validity of equation (l) for trace amounts of unknown, a sample taken
at random from one firing was irradiated with the standard dose and moni-
tored as shown in Fig. 24 as it decayed.
A tracer analysis was also run on a blank aluminum disk as a check
on background count due to aluminum activity. It was found that the one-
mil foil finally used produced little radiation after about two hours and that
a value of 20 counts per channel could be used across the energy band of
interest as background for a ten-minute count time at 10-30 hours after irrad-
iation. In computing sample activity only the area above this value was
used.
For subsequent runsth&unknowns were irradiated one day and placed
in the detector apparatus the following day. Samples were irradiated in
stacks of six at one time and a counting period of ten minutes per sample
was normally used. The photopeak was plotted for each sample and the
activity computed in the same manner as for the control. Data for all tracer
workarefound in Ref. 3. The activity for a known mass of gold of the same
age (time since activation) as the unknown was obtained from a curve such
- — 30
as Fig. 24.
8. Results and Discussion.
Accelerator System
A major portion of the time and effort spent on this project was invol-
ved with design, component procurement, and development of the accelerator
system described in Section 3 of this report. Procedures were established
for operation of the system and are given in checklist form in Appendix I.
Calibration of the capacitor and of the high speed camera are discussed
in Appendices II and III respectively. As a check on both the accelerator
system and the discharge monitoring equipment a series of six identical fir-
:ings was made using the same capacitor voltage and the same vacuum
system pressure. In this way the reproducibility of test results was noted.
For these tests a capacitor voltage of 15. 5 kv and a pressure of 5 x 10"^
mm. of mercury were used.
The results of this test series are given in Table I. The two film
records (as in Fig. 18) for each shot were used to determine distance trav-
eled by the plasma front versus time. On the image converter photographs
the distance traveled was measured to the end of the visible light front
using the spaced markings on the collector cylinder (Fig. 18A). The elapsed
time between firing of the shutter tubes was obtained from the oscilloscope
trace (Fig. 18B) of the Abtronics camera monitor. Accuracy of this distance
determination appears to be about 1.0 cm.
The velocity of the plasma front was obtained by measuring the slope of
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the distance versus time curves given in Figs. 25-30. A straight line was
used to determine the average velocity during the time of observation. There
does, however, appear to be a downward trend near the top of these curves
indicating a slight decrease in velocity near the end of the 20 centimeters
under observation. Average velocities obtained from this series of firings
are given in Table II. For firing under these conditions the velocity measured
for each shot was within 8% of the 3. 60 cm/microsecond (118, 000 ft/sec)
mean velocity. This appears to be a good degree of reproducibility for the
anticipated uses of the system.
A possible cause of differences in the measured velocity was thought
to be slight variations in pressure from one run to the next. The ionization
gage valve and main vacuum valve were closed before accelerator discharge
to prevent gage exposure to excessive pressure and system contamination.
Since this resulted in some pressure increase before discharge, an attempt
was made to compensate by pumping to a slightly lower pressure than that
desired before closing the valves.
To observe the effect of discharge pressure on velocity, another series
of tests was performed using the same capacitor charge and discharging to
different pressures. It was found that improving the vacuum by 1~ orders
of magnitude to 1 x 10"^ mm Hg gave a 3.9 cm/microsecond velocity. Velo-
city of the exhaust plasma is therefore not sensitive to small pressure change
at the low pressures being considered, and differences in measured velocity
are more likely to be due to the accuracy of measurement than to slight pres-
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sure uncertainty. The maximum attainable velocity for exhausting into a
perfect vacuum appears to be about four cm/microsecond for this plasma
gun system with a 15. 5 kv maximum capacitor charge.
Tracer Analysis
Several firings and a considerable number of tracer runs were made
in attempts to find a suitable collector material. It was found that impurities
(such as magnesium) common in most aluminum sheet produced sufficient
radiation to mask the trace gold deposits. Even commercially prepared high
purity aluminum was found to be unacceptable for this reason. It was sur-
prising,, therefore, to find that ordinary household aluminum foil was far
superior and produced negligible background interference. Since this foil
was only one mil thick in the heavy duty grade, small spring clips were
required to hold collector sheets in place. No interference problems were
experienced after changing to this material.
Monitoring the decay of a control sample disk with a known mass of
gold along with an unknown sample given the same radiation dose (Fig. 24)
showed that the ratio of activities of the two stayed nearly constant over a
two-day period as evidenced by the parallel decay curves on a semi-logar-
ithmic plot. The curve of Fig. 31 was obtained using the fin^ll tracer appar-
atus configuration and a control disk with 1264 micrograms of gold. Values
from this curve were used in equation (l).
Portions of two accelerator runs, 17 and 19, were analysed. These
two shots were fired under identical conditions (15. 5 kv and 1x10 mm Hg)
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using the final collector configuration: one-mil aluminum foil. These re-
sults are presented in Tables III and IV and Fig. 32. Eig. 32 indicates a
considerab le difference (a factor of three) in deposition rate from one side
to the other on the collector sheet for shot 19. Possible reasons for the
large difference are:
(a) Actual mass deposited from the plasma is not axially symmetric and/
or is not the same for succeeding firings. This is unlikely for reasons out-
lined in (c) below but must be determined from further tests. Foil wrinkles
or an unsymmetrical electrical path caused by uneven clamping pressure
on the foil could possibly cause such nonuniformities.
(b) Samples did not all receive the same radiation dose. This seems
unlikely since the 19L samples were irradiated in two separate batches; one
for the even numbered samples, 2-4-6-8-10-12, and one for the odd, with
a fairly continuous curve resulting. It is possible, however, that a day-
to-day variation in dosage was the cause, since 19L and 19R samples were
irradiated on different days and such factors as reactor core temperature
or slight variations in insertion distance into the core could affect the neu-
tron flux. This possibility should be easily resolved by inclusion of a
control sample in each group of samples irradiated„
(c) Drift or malfunction of detection equipment from day to day. The first
possibility was largely eliminated earlier by observation of samples over
longer periods and obtaining smooth decay curves as in Fig. 24. It is most
probable that the detection apparatus was not operating properly for the an-
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alysis of 19L samples, since Fig. 32 indicates that the total amount of de-
posited gold for these samples was about nine milligrams or over 50% of
the mass vaporized. Losses this large would probably be accompanied by
a pronounced decrease in plasma luminosity which did not occur. Transient
problems which were experienced with the new detection equipment were
probably responsible. Once again, inclusion of a control disk as a monitor
as suggested in (b) would eliminate this possibility and is recommended
for future tracer runs.
Although insufficient tests were performed to make an exact determinat
tion of total gold deposition, the results of Fig. 32 give a rough estimate for
the case of a 15.5 kv discharge to a 10 mm vacuum. Assuming a distribu-
tion around the cylindrical collector as indicated by the samples of curve
19R gives a total of 2.9 milligrams of gold deposited in a 12-inch distance
above the gun muzzle. This is approximately 19% of the mass initially vapor-
ized and is an indication of the significant amount of mass loss possible
from a metalized plasma flow to surrounding walls. Follow-on tests to de-
termine deposition as a function of various flow parameters and to measure
deposition inside the accelerator electrodes are presently planned.
For each of the tracer runs described in this report the gold photopeak
was actually plotted and its area measured. From these curves the back-
ground effects could be evaluated and parameters such as required radiation
dosage, detection equipment settings, required count time, and desired age
at the time of counting were determined. For future tests this tedious pro-
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cedure can be eliminated and the sample activity determined simply by ad-
dition of the total counts in the energy band of interest. If the procedures
and equipment settings recommended herein are used, sample activity can
be obtained by addition of counts for the 41 channels bracketing the channel
recording the maximum count.
The tracer studies performed to date have demonstrated that sufficient
gold was deposited to be easily and accurately detected using the equipment
and methods described. One change in procedures is recommended, i. e.
,
that a control disk be included as a monitor with each group of samples
irradiated until sufficient data are accumulated to prove this unnecessary.
9. Conclusions.
The coaxial plasma accelerator and associated systems function sat-
isfactorily. Procedures were established which make safe and reliable op-
eration of the equipment possible. The system produced plasma slugs with
measured velocities up to 3.9 centimeters per microsecond which were re-
producible within about 10% using an image converter camera for velocity
determination. The vacuum system can provide a vacuum of the order of
10 mm. of mercury.
A technique was developed for radioisotope tracing of gold deposited
on a collector near the plasma gun exhaust. Preliminary tests for one set
of discharge conditions indicate that approximately 20% of the gold plasma
initially formed is deposited inside a 2. 4 inch diameter aluminum cylinder
surrounding the first 12 inches of filow.
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10. Suggestions for Further Investigation.
The plasma gun described in this report is a flexible device which
suggests a large number of possible experiments. Current ideas include:
(a) A parametric study of mass deposition with varying capacitor voltage
and various collector cylinder diameters.
(b) Investigation of the depositing of material inside the gun barrel by
designing electrodes from which samples can be taken.
(c) Study of various electrode configurations.
For future tests it is recommended that the following procedures be used:
(a) A control disk should be included as a monitor with each group of
samples irradiated.
(b) It is recommended that the integrity of the foil electrical connection
be checked by measuring and recording the resistance across the accelerator
electrodes before each discharge.
(c) Consideration should be given to incorporation of a "crowbar" circuit
into the discharge system. This would make it possible to abruptly termin-
ate current flow to the electrodes at any desired time, producing a shorter,
more well defined plasma slug.
37
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15. 5 KV 5X 10"-4 mm Mecury







Mean Velocity 3.6 cm/ms
Maximum Deviation . 3 cm/ms or 8.3%
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TABLE III
TRACER RESULTS RUN 19L
Control
Age Activity Activity Mass





16.5 1.25 376 4.2
3 16.7 7.03 375 23.7
4 16.9 29.00 373 98.4
5 17.1 54.00 372 183.8
6 l|.4 53.43 371 182.1
7 14 March
1648
19.2 49.27 362 172.2
8 19.4 45.83 361 160.4
9 19.6 37.60 361 131.7
10 19.9 28.35 360 99.6
11 20. 1 28.30 359 99.6
12 21.5 11.91 352 42.8
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TABLE IV
TRACER RESULTS RUNS 19R AND 17C
Control
Age Activity Activity Mass
Run Sample Activated hrs. counts/sec counts/sec Aiqm/inz
19R 3 21 MARCH
1612
16.9 8.0 373 27.1
5 17.1 2.93 372 9,96
\ i
7 16.4 17.06 376 57.4
9 16.2 15.00 377 50.3
11 15.9 11.1 379 37.0
17C 5 10 MARCH
1056
22.6 11.2 346 40.9
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Sample: 19L-9 Counted: 15 Mar 1227 Age: 19.6 hr
Count time: 10 min Area: 11.28 in
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1. Capacitor power raa.§^x
2o Capacitor ground rod
3. Ionization gage
















6. Bell jar vent valve OPENED
7o Bell jar RAISED
8. Disassemble and clean gun barrels, base, collecting cylinder and
bell jar with acetone. Use suction device to remove particles inside
gun and around base of vacuum manifold.
Assemble gun with foil in place, holes facing camera. Inspect foil
from muzzle end for wrinkles or tears.
Place collector sheet in cylinder and slip over gun barrel with opening
facing camera.
Bell jar




Vacuum valves (below 10 microns)
Ionization gage (below 1 micron)











2» Pulser power supply
3. Cameras/oscilloscope
4. Ionization gage
5. Ionization gage valve
6. Capacitor
7. Camera shutters
8. Vacuum valve 1
9. Trigger
10. Camera shutters
11. Capacitor power master
12. Capacitor ground rod
ON




















6. Diffusion pump (below 500 microns)
















6. Water (after 15 minutes)

































1. Switches OFF, CCW
2. Capacitor ground rod REMOVED
3. Master ON/ISOLATE
4. Charge switch CHARGE
5. Filament control OPERATE
6o Voltage control SET
NOTE: Do not set above 30 kv on voltage control dial.
Do not exceed 20 lev capacitor voltage. (Read with Voltage
Control OFF)
When desired Capacitor Voltage is reached:
7. Voltage control OFF
8. Filament control OFF
9. Charge switch ISOLATE




To insure reproducibility and uniformity of the plasma gun discharge
it is necessary to measure capacitor voltage accurately. The charging power
supply was originally equipped with a voltmeter which indicated,' driving
voltage while charging only. For accurate determination of capacitor power
level a voltmeter directly across the capacitor was required. To keep power
dissipation losses through the meter to a minimum, a large resistor in series
with the most sensitive meter available would be desirable.
A maximum discharge voltage of 15. 5 lev was set as an upper limit
to avoid capacitor damage from an excessively large voltage reversal. Since
an ammeter requiring 50 microamps for full scale deflection was available,
a resistor giving roughly one half scale deflection at 15 kv was fabricated
for use in series.
The high voltage series resistor was fabricated using forty 15 megohm
resistors in series mounted on a phenolic sheet inside the power supply
cabinet. A 100 kv meter was then obtained and connected directly across
the capacitor to calibrate the microammeter.
For calibration runs the capacitor was charged to maximum voltage,
then the charging voltage removed and the stored energy allowed to bleed
through the microammeter circuit to ground. As capacitor voltage fell, the
microammeter reading and the actual voltage were recorded. Two complete
runs produced identical values which are given in Table II—I. The resulting
80
calibration curve is given in Fig. II-l. A copy of this curve was attached
to the power supply.
For the initial run a capacitor voltage of 25 lev was used but ignitron
breakdown occurred shortly after charging. Data points were obtained for
voltages to 24 kv but the ignitron breakdown point occurred at successively
lower voltages for the two following runs. It is recommended that 20 kv not
be exceeded since this is the ignitfon rating and breakdown due to overvol-





1„ High volt meter direefcly across capacitor - kilovolts
2. 50 /lamp meter in series with 600 megohms
1. 2. 1. 2.
24.0 .950 15.5 .700
23.5 .930 il>5.0 .685
23.0 .920 14.5 .665
22.5 .900 14.0 .655
22.0 .880 13.5 .630
21.5 .860 13.0 .620
21.0 .845 12.5 .595
20.5 .835 12.0 .585
20.0 .825 11.5 .575
19.5 .805 11.0 .565
19.0 .795 10.5 .550
18.5 o775 10.0 .535
18.0 .770 8.0 .475








































IMAGE CONVERTER CAMERA CALIBRATION
1. Triggering. Since the Abtronics camera requires a signal with a rise
time of the order of . 1 microsecond it was originally planned to trigger this
camera utilizing the capacitor discharge trigger pulse. It was found, how-
ever, that the balance of the trigger circuit was upset by this additional
load and consequently it would not fire the pulser thyratron. A simple device
which was found to trigger the camera satisfactorily was a single loop of
st^nded wire wound around one of the ignitron pulse transformers. This
method was used for all subsequent tests.
2. Delay settings. Since the plasma velocity was not known, a few runs
were made to determine the necessary delay time to "catch" the plasma
front with the camera. It was also found thpt the delay times were more
uniform from one shot to the next if only the first shutter was triggered ex-
ternally and each succeeding shutter delayed from the last channel which
fired. Since the delay setting dial calibrations are not accurate for short
delay times, the actual time of shutter firing was obtained from an oscillo-
scope trace of the camera monitor output.
3. Exposure times. It was found that, although the image brightness
decreases with shortened exposure time, the minimum exposure time of . 1
microseconds could be used without losing the image. The fastest Polaroid
film available (type 410, ASA speed 10, 000) was used in the recording camera.
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4. Lens Settings. Initial tests showed two of the images to be much brightt
er than the other two due to differences in either circuitry or the shutter tubes.
Since image brightness is used in comparisons to determine plasma velocity
it is imperative that all four images appear the same for the same light input.
It was found that if lenses 1 and 2 were closed down to f/2<, while lenses
3 and 4 were fully open (f/1. 5), all four images were of equal intensity and




PREPARATION OF CONTROL SAMPLE DISK
In order to simplify determination of the amount of gold deposited on
each sample disk, a control disk with a known weight of gold was prepared
and used to determine unknown weights by direct comparison. This elimin-
ated the need to observe the decay of each of the many samples over a long
period of time. The decay of this control disk was monitored closely over
a period of several days after irradiation.
The control sample was required to have as little gold mass as pos-
sible to avoid self-shielding effects when irradiated. Electroscope gold
foils four microinches thick were used for this purpose. This foil was ex-
tremely fragile and could be handled only between sheets of paper. The
weights of these foils were obtained by weighing a measured area on an
electronic balance. The control sample was then prepared by spraying a
coat of lacquer on one of the aluminum collector sheets and carefully laying
the foil on the wet lacquer. When dry, the top surface of the gold was
given another protective spray coat of lacquer. Control disks were then
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